Abstract-The human auditory system perceives sound in a much different manner than how sound is measured by modern audio sensing systems. The most commonly referenced aspects of auditory perception are loudness and pitch, which are related to the objective measures of audio signal frequency and sound pressure level. Here we describe an efficient and accurate method for the conversion of the sensed factors of frequency and sound pressure level to perceived loudness and pitch. This method is achieved through the modeling of the physical auditory system and the biological neural network of the primary auditory cortex using artificial neural networks. The behavior of artificial neural networks both during and after the training process has also been found to mimic that of biological neural networks and this method will be shown to have certain advantages over previous methods in the modeling of auditory perception. This work will describe the nature of artificial neural networks and investigate their suitability over other modeling methods for the task of perception modeling, taking into account development and implementation complexity. It will be shown that while known points on the perception scales of loudness and pitch can be used to objectively test the suitability of artificial neural networks, it is in the estimation of the perception of sound from the unknown (or unseen) data points that this method excels.
INTRODUCTION
The modeling of the perception of sound by the human auditory system is vital in fields such as speech recognition, speech synthesis and audio quality measurement. The perception of sound is governed by two main perceptual measures; the Perceptual Loudness measure (Phon or Sone Scale) and the Perceived Pitch (Critical-Band Rate or Bark Scale) of an audio signal.
The perceived loudness of an audio signal presented to the ear is influenced by both the signals frequency and sound pressure level (S.P.L). The current method for the conversion from frequency and S.P.L. to perceptual loudness is outlined in ISO 226:2003 -"AcousticsNormal equal-loudness-level-contours" [1] . This conversion involves a complex calculation which incorporates three 29 entry look-up tables. The conversion from frequency to pitch was originally presented by Zwicker [2] in table format. Zwicker's table documents the Critical Frequency Bands along with their corresponding center frequency, maximum cut-off frequency and bandwidth. The current most widely used method for this conversion is a function approximation of Zwicker's data created by Traunmuller [3] . These conversions are described in great detail in section 2.
The existing measures for modeling the auditory system's perception of pure-tone audio signal are attempting to model the behavior of the ear (and to a certain extent the filtering effects of the head and torso) in conjunction with the primary auditory cortex. The primary auditory cortex is a biological neural network. Therefore, it may be beneficial to model the conversion from the analytical measures of frequency and S.P.L to loudness and pitch using Artificial Neural Networks (A.N.N.s). A.N.N.s are regarded as a good candidate for the estimation of this perceptual mapping function as their structure is based upon biological Neural Networks.
Also, their behavior both during and after the training process, has also been found to mimic that of biological Neural Networks [4] .
This chapter describes the development and testing of a system which will use A.N.N. to model both features of sound perception mentioned above. It will also be investigated if a single A.N.N. model can be used to model both of these aspects of sound perception simultaneously, as in Figure 1 . 
A.N.N.

II. THE PERCEPTION OF SOUND BY THE HUMAN AUDITORY SYSTEM
Sound is loosely defined as vibrations which travel through the medium of air (although any medium or combination of media will suffice) as longitudinal waves and are perceived by the human ear. There are two main analytical parameters that define the characteristic of a sound, the Sound Pressure Level (SPL) and the frequency components of the longitudinal waveform.
Similarly, there are two main characteristics which define a sound as perceived by the auditory system, pitch (measured in Bark) and perceived loudness (measured in Phon or Sone). An otologically normal person is a person who has a fully functioning auditory system, free from impairments. For such a person, the magnitude of these vibrations that can be perceived is generally accepted to be those with a SPL of greater than 20μPa or 0 dB. This is known as the Absolute Hearing Threshold (AHT). This value is actually the AHT for a signal of frequency 1 kHz. The AHT is known to vary with the frequency of signal being perceived. [5] For a similarly otologically normal person, the frequencies of vibrations which can be perceived are those within the range of 20 Hz to 20 kHz and of sufficient SPL. This detectable frequency range generally deteriorates with the age of the listener. This frequency range may also be adversely affected by overexposure to loud sounds causing hearing damage. [5] a. Pitch
Critical-Band Rate is a perceptual measure, usually quantified in Bark, of the perceived pitch of an audio signal. This measure is directly related to the frequency of the sound being perceived. The conversion from frequency to perceived pitch is often referred to as "frequency-warping". The critical-band rate is a sub-division of the audible frequency range 1809 into "critical bands". These "critical bands" are more closely related to the manner in which the mechanics of the basilar membrane of the human inner ear operate [6] . The conversion from frequency to pitch was originally presented by Zwicker [2] Critical-Band number along with their corresponding center frequency, maximum cut-off frequency and bandwidth [5] . A plot of the relationship between Frequency and Critical Band Rate outlined by Zwicker is shown in Figure 2 .
Since the first publication of this table in 1961 the conversion from frequency to CriticalBand Rate has been modelled using many function approximations of the data. Resulting equations and algorithms have been proposed by [7] , [8] and [9] . The current, most widely used and accepted method for this conversion is outlined by Traunmuller [3] .
Traunmuller's equation for the conversion from frequency to Critical-Band Rate is
Where z is the critical-band rate (Bark) and f is the frequency (Hz).
b. Loudness
The Perceptual Loudness Measure is a psychoacoustic measure correlating to the physical intensity of an audio signal. Perceived Loudness is usually measured in the units Phon or Sone. As well as being sensitive to the SPL of the signal being observed, the perceived loudness of a signal is also highly dependent on the frequency components of the signal. This has led to the creation of the "Equal Loudness Curves", shown in Figure 3 [5] . The "Equal-Loudness Contours" depict the sound pressure levels (SPL) which are required to ensure a perceived constant "loudness" over the audible frequency band. As it can be seen from the contours of Figure 3 , for a perceived loudness of 10 Phons at 1000 Hz an SPL of 10dB is required. To maintain a perceived loudness of 10 Phons at 50Hz an SPL of approximately 55dB is required.
The "Equal-Loudness" contours were initially devised by Fletcher and Munson in 1933. The contours were derived using subjective measures, involving a panel of test subjects. Each listener was presented with a pure tone of 1 kHz of certain intensity and then a second pure tone of a different frequency. The intensity of the second tone was then varied until the listener perceived the 2 tones to be of equal loudness. The results obtained from the various test subjects were then averaged to obtain the final contours [10] . 
The current I.S.O. standard is documented in I.S.O 226:2003. This document gives information on the conditions under which the subjective testing for the definition of the curves took place. The derived equations which may be used for the conversion of sound intensity data to perceptual loudness data are also included. These consist of equations for the conversion from frequency and SPL to perceptual Loudness (in Phon) and vice versa and are given here as Eq. 2 and Eq. 3 respectively. These equations are accompanied by a "look-up" 
and all symbols represent the same factors as in Eq. 2.
The Sone scale of perceived loudness is very similar to the Phon scale. In fact it is a direct translation of the calculated Phon value. In certain instances, the Sone scale can be a more useful measure than the Phon measure.
The Sone unit of perceived loudness is analogous to the manner in which the human auditory system perceives a change in loudness. In the Phon scale of perceived loudness, a doubling of the perceived loudness is associated with a rise of 10 Phon [6] . Using the Sone scale, the 
(4)
The equation for the conversion from the Phon scale to the Sone scale is shown in Eq. 4, where S is the resulting perceived loudness in Sone and l is the loudness level in Phon. [12] III. ARTIFICIAL NEURAL NETWORKS A biological neural network is an interconnection of processing elements (neurons) responsible for the processing of information in the nervous systems of animals. Each connection between neurons has a certain strength or "weight", which may be strengthened or weakened, which allows the neural network to "learn" and thus perform processing operations.
It is the use of neural networks that allow animals to perform various tasks with ease which have proved excessively difficult to achieve by computational means. Single-layer nets usually comprise of an input layer, a single layers of connections and an output layer. The input layer of a neural net does not perform any computation and, therefore, is rarely counted when determining the number of layers in a net. Single-layer nets are often used for pattern classification problems when the output of each output neuron represents a specific class of input pattern. Minsky and Papert proved that single layer neural networks can only be used effectively in problems that are linearly separable. They showed that for more complex problems more complex multi-layer nets need to be used. [13] Multi-layer nets contain an input layer, any number of hidden layers and an output layer. In The purpose of a training algorithm is to optimise a neural network so as the network will perform in the manner desired by the user. Upon creation of an A.N.N., the weight values of the network are often assigned at random. The A.N.N. must then be optimised using a training algorithm to perform a useful computational function. This is achieved altering the weights according to a predefined set of rules [14] . Learning algorithms can be divided into two wide- may take on any value. This is required as the desired output of the network will be in the range 0 to 90 of the Phon Scale.
c. Training / Testing
The data used in the training of the A.N.N.s to mimic the manner in which an audio signals loudness is perceived, was generated from the Eq 2 and 3. These equations were implemented for all 29 specified frequencies at each SBL level from 1dB to 90dB (those specified to be Table 1 [17]. The measure of Perceived Loudness may also be measured on Sone Scale. This Sone measure is generally calculated directly from a previously determined Phon measure. The algorithm for this conversion is given in Eq. 4 earlier in this chapter [12] .The Sone scale of perceived loudness is often thought to be a more accurate representation of the manner in which any continuous functional mapping" [16] .The continuity of a function has many different levels. C0 continuity denotes that the function is continuous and it does not generate any discrete behavior. C1 continuity deals with the first derivative of the function and denotes that this derivative is also continuous. 
The conversion from the Phon measure to the Sone measure presented in Eq. 3 was found to be a C0 continuous function as shown in Eq. 5 and Eq. 6 where both methods give a result of 1 when L = 40 and the limit as L goes to 40 respectively. Eq. 7 shows the at L = 40, the first derivative of Eq. 5dS/dL, is equal to 0.069315. Eq. 8
shows that at the limit as L goes to 40 of the first derivative of Eq. 6, dS/dL, is equal to 0.06605. These values are not equal and therefore the function is not C1 continuous. "…a three-layer network with threshold activation functions could represent an arbitrary decision boundary to arbitrary accuracy" [16] . Again, a tan-sigmoid function was used in the nodes of the hidden layers and a linear function in the output layer node. Two nodes were Since the first publication of this table in 1961, many function approximations of the data, with varying degrees of accuracy, have been presented [7] , [18] and [9] . The current most widely used and accepted method for this conversion is outlined by Traunmuller in his paper "Analytical expressions for the Tonotopic Sensory Scale" [3] . over-fitting will occur. Therefore the fewer neurons contained in a network, the less overfitting is likely to occur [16] . This leads to good generalisation within the network. [19] VII Testing was also carried out to determine the level of generalisation achieved by each A.N.N.
on both the estimations of Perceived Loudness and Pitch as before.
d. Results
The and a frequency varying from 20Hz to 12500Hz. Figure 14 is a magnified version of Figure   13 which highlights the irregularities which are not supported by the training data. 
